Abstract This paper describes a meta-analysis of previously published studies on the shrinkage strain of recycled aggregate concrete (RAC). The study aims at providing an analytic expression for the shrinkage strain of RAC to be used in conjunction with the existing fib Model Code 2010 shrinkage prediction model. For this purpose, a database of experimental results on the shrinkage of RAC and companion natural aggregate concrete (NAC), produced with the same water-cement ratio, was compiled using strict selection criteria. Results from 19 studies entered into the database, consisting of 125 shrinkage curves (39 NAC and 86 RAC) with a total of 424 data points. A comparison of RAC and companion NAC revealed that, on average, RAC displays a larger shrinkage strain. This difference increases with increasing recycled concrete aggregate (RCA) content and with decreasing compressive strength. Applying the fib Model Code 2010 shrinkage prediction model revealed that, relative to its performance on NAC, the shrinkage strain of RAC is underestimated. Finally, a correction coefficient for the shrinkage strain of RAC, ξ cs,RAC , to be used in conjunction with the fib Model Code 2010 model, was proposed in the form of a bivariate power function with RAC compressive strength and RCA replacement ratio as variables.
Shrinkage of recycled aggregate concrete 3 through its porosity, volume fraction, quality, etc. Over the years, the amount of research on RAC shrinkage has become significant -there now exist several literature reviews and meta-analyses.
One of the largest reviews is the study by Lye et al.
[28] -the authors initially identified 286 studies in English published since 1978 containing experimental results on concretes produced with various recycled materials. Upon filtering this database down to RAC produced with coarse RCA, the authors reported 118 studies [28] . All of the studies are comparisons between the shrinkage strain of RAC and a 'companion' natural aggregate concrete (NAC), defined as having the same w/c ratio as RAC. The main conclusion from this, and other similar studies, is that, on average, RAC displays greater shrinkage than companion NAC and that this difference increases with increasing RCA content (replacement ratio) and with decreasing compressive strength [28, 34, 25] . For instance, there exists a general agreement that for a normal strength RAC with 100% coarse RCA, the average expected increase in shrinkage strain relative to a companion NAC will be 30-40% [28, 34, 25] .
What is still lacking, however, are useful analytic expressions for predicting the shrinkage strain of RAC, built upon existing models. In this regard, the study by Lye et al. [28] offers a useful first step. From their database, the authors constructed diagrams for determining correction factors for RAC shrinkage strain applicable to the Eurocode 2 model [17] . The diagrams are a family of curves, defined by the RCA replacement ratio in RAC (0-100%) and RAC compressive strength (20-130 MPa). The shrinkage strain calculated by Eurocode 2 (for a given compressive strength of RAC) only needs to be multiplied by the correction factor derived from the graphs. While easily understandable, the use of diagrams is not easily applicable to computer-based design and requires manual calculation. Additionally, there is room for improvement in selection criteria applied to the database in [28] .
The first aim of this study is to compile a new database of experimental results on the shrinkage strain of RAC and companion NAC using strict and clear selection criteria. The second aim is to formulate an analytic expression for a correction coefficient for RAC shrinkage strain applicable to the MC2010 shrinkage model [20] through a statistical meta-analysis of the database. The reason for choosing MC2010 instead of Eurocode 2 is the fact that the former is a more advanced shrinkage prediction model which will form the basis for the new version of Eurocode 2, currently in preparation.
RAC shrinkage database

Compilation of database
The first step in this study was the compilation of a new database of experimental results on RAC and companion NAC shrinkage. As previously mentioned, several authors have already conducted literature reviews on the topic and compiled similar databases [28, 34, 25] ; however, since the aim of this study was not only to compare shrinkage strain between RAC and NAC, but also to analyse the applicability of the MC2010 model, a stricter approach in selecting studies for the database was needed.
Strict and clear criteria were needed for the selection process. In order to enter into the database, every study had to fulfill the following criteria:
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-the w/c ratio is provided; -water absorption (w.a.) of coarse aggregates is provided; -any reactive additives, such as fly ash, are used in amounts smaller than 30% of cement; -curing time of shrinkage specimens t s , their dimensions or notional size h 0 (two times the ratio of a cross-section's area to its perimeter in contact with the atmosphere, 2 · A c /u), and the ambient conditions during testing are provided; and -shrinkage strain values are reported for at least two points in time t − t s , i.e. the results are given in the form of a 'shrinkage time curve'.
It can be seen from the criteria that the information they require allows for a meaningful comparison of RAC and companion NAC shrinkage, since all important influencing factors are experimentally reported. The only assumption which was made when data was missing was regarding the type of cement used: since it was found that a significant number of studies does not report it, in such cases it was assumed as 42.5N for both RAC and NAC.
Probably the most important difference between a database like this one and those from previous studies, is that, in this one, shrinkage time curves were studied as the basic unit of analysis and not single 'final' shrinkage strain values [28, 34, 25] . Thus, deeper analyses are possible, such as comparing possibly different kinetics of the shrinkage process in RAC and companion NAC, as well as testing entire predicted time curves by any model, i.e. models' accuracy over the entire drying period.
Following the final criterion of at least two shrinkage values reported for each mixture, in the majority of studies, values were not given in tabular but rather in graphical form. In such cases, the figures with shrinkage curves were imported into a CAD software, scaled appropriately and values were read of the graphs. Shrinkage time curves were obtained by 'sampling' as equally as possible from each 'time decade' covered by the reported shrinkage curve (1-9.9, 10-99.9, 100-999.9, 1000-days) and also, by sampling as equally as possible between different experiments -the aim was to always sample at certain drying times, e.g. 28, 90, 180 days. Importantly, within the same experiment, RAC and companion NAC shrinkage curves were always sampled at the same ages.
The compilation of the database consisted of going through studies reported in previous literature reviews [28, 34, 25] and applying these criteria. In the end, 19 studies entered into the database [8, 9, 10, 13, 16, 21, 22, 36, 38, 4, 14, 15, 18, 26, 30, 33, 35, 39 , 32] with a total 125 shrinkage time curves (39 NAC and 86 RAC), consisting of 424 data points. Only one of the studies investigated autogenous and drying shrinkage separately [21] . Hence, all further analyses and discussion will be concerned with total shrinkage strain.
In comparison with the database created by Lye et al. [28] with 118 studies, the database presented in this paper contains a significantly smaller number of studies, i.e. only 19. However, the criteria used herein are much stricter as practically no missing information was allowed. For example, in [28] , a large number of studies are conference proceedings and these typically lack some of the necessary information due to their brevity. Most often, the missing information are the ambient conditions during the shrinkage test, i.e. relative humidity (RH), or specimen size. Other studies do not report the water absorption of RCA or they only provide a single 'final' shrinkage strain. The full database Excel file is available as Online Resource 1 and the ranges of the most important parameters of the database are given in Table 1 with their mean values given in parentheses.
As seen from the database, the ranges of parameters and their means for RAC and companion NAC are very similar, except for water absorption of aggregates. The values cover the entire range of 'normal' compressive strengths (20-60 MPa) and usual w/c ratios for these   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 65 concretes. The range of parameters for RAC has been classified according to the coarse RCA content -most of the data are on RAC with 100% of RCA, followed by contents around 50% and 25%; there is a notable lack of data on RAC with 51-75% of RCA and this range of replacement percentages offers less room for analysis. The water absorption of RCA ranges from 1.9 to 7.5 and any conclusion of this study is only valid for RCA with absorption in this range. However, the notional sizes of the specimens are small compared with full-scale structures and this has to be kept in mind. The duration of the measurements does not go beyond 1000 days, except in one study [32] . The mean test duration for the entire database is just above 180 days (whereas the mode is 90 days) and 90% of the tests are shorter than 270 days.
Comparison of RAC and companion NAC
The next step in this study was to directly compare the shrinkage behaviour of RAC and companion NAC mixtures in order to determine whether indeed there are significant differences between them and, if so, what are the parameters influencing these differences.
The simplest way to do this is to form a ratio of RAC-to-NAC shrinkage strain,
The database provides a total of 291
ratios (the number of data points for RAC).In other words, the ε cs,RAC ε cs,NAC ratio was calculated for each data point, not only for the 'final shrinkage' values. This was possible because RAC and companion NAC shrinkage curves were always sampled in the same way, i.e. at identical ages.
The first step was to analyse the statistical descriptors for the ε cs,RAC ε cs,NAC ratio, i.e. its mean and standard deviation or coefficient of variation (CoV). These statistics are given in Table 2 under 'full database'. For RAC with 1-25% of RCA the increase in shrinkage is small, under 10%, with a relatively low CoV. The mean ε cs,RAC ε cs,NAC ratio increases for RAC with 26-50% of RCA with a much larger CoV, decreasing again for RAC with 51-75% of RCA. However, this replacement range has only 7 data points and should not be given equal weight in the analysis. Finally, for RAC with 76-100% of RCA (which are all RAC mixtures with 100% of RCA), the mean ε cs,RAC ε cs,NAC ratio rises sharply to 1.37 and the CoV remains stable, slightly below 25%. This definitely points to an effect of RCA in RAC on the increase in shrinkage strain relative to NAC.
In Figure 1 , the ε cs,RAC ε cs,NAC ratios have been plotted against RCA percentage. The ratios can be seen grouped at discrete values of RCA content, e.g. 15%, 20%, 25%, etc. The data are most numerous for RAC with 20%, 30%, 50% and 100% of RCA. The large variability of the ε cs,RAC ε cs,NAC ratio within each RCA percentage can also be seen. For each RCA percentage ,   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   6 Nikola Tošić et al. ratio was determined and these are connected by the dashed line in Figure 1 , only a slight increasing trend can be noticed. Additionally, in Figure  1 , ε cs,RAC ε cs,NAC ratios marked with empty circles can also be seen; these represent outlier ratios identified in each RCA percentage through a box-and-whiskers technique -there are 13 such values: 2, 9, and 2 values for 20%, 50% and 100% of RCA, respectively.
Not considering outliers, the range of values for the ε cs,RAC ε cs,NAC ratio increases with RCA percentage: from 0.949-1.275 for 20% of RCA, to 0.749-1.766 for 50% of RCA, and 0.562-2.177 for 100% of RCA. The statistical descriptors of the database without outliers is given in Table 2 under the heading 'no RAC/NAC outliers'; the reductions in CoVs are also visible.
The differences between RAC and NAC shrinkage can be separated into two types: (1) differences in magnitude and (2) differences in shrinkage development over time. This is illustrated in Figure 2 . On the left side of Figure 2 , 'vertical scaling' of shrinkage curves is presented. In this case, the kinetics of shrinkage development with time remain identical, only the magnitude of shrinkage changes. This is described by both shrinkage curves having identical shrinkage halftimes τ h (the time after which half of all shrinkage occurs) but different corresponding shrinkage values ε cs,h,1 and ε cs,h,2 . On the right side of Figure 2 , 'horizontal scaling' of shrinkage curves is presented. In this case, the final shrinkage values are identical, but the kinetics of shrinkage development with time are different, as described by different shrinkage halftimes τ h,1 and τ h,2 .
Therefore, the ε cs,RAC ε cs,NAC ratio can point to both types of differences between RAC and NAC shrinkage. In order to check for 'horizontal' differences between RAC and companion NAC shrinkage, individual shrinkage curves must be checked for any trend in the development of the ε cs,RAC ε cs,NAC ratio with time within individual shrinkage curves. For the compiled RAC database, no trend was observed at the level of individual RAC shrinkage curves; the ε cs,RAC ε cs,NAC ratio either remains stable over time or changes randomly. The average CoV of the ε cs,RAC ε cs,NAC ratio within individual shrinkage curves is just 9%. Thus, no evidence for the need for horizontal scaling can be found, and only vertical scaling of shrinkage magnitude should be considered. Without experimental data separating shrinkage into basic and drying component, a definite conclusion in this regard cannot be drawn. One potential explanation for the result obtained in this study is that the effects of the higher porosity and lower stiffness of RCA, which could lead to faster drying of RAC, are counteracted by the 'internal curing' effect of RCA in which absorbed water is slowly released from RCA particles providing water for hydration and slowing down the drying process [13] .
Identifying potential parameters influencing the
ratio is very difficult, as evidenced by the large scatter in Figure 1 . Any attempt to do so carries significant bias. In such cases, it can be better to adopt a less statistically-based approach and more of an engineering and practical logic or 'common sense'. Considering the difference between the shrinkage behaviours of RAC and NAC, the question is 'What are potential candidates for influencing parameters?' The influence of parameters like notional size and relative humidity is exerted more on the time evolution of shrinkage, and as said previously, there is currently no strong evidence to support the need for horizontal scaling of RAC shrinkage; to precisely identify the effect of these parameters, more detailed data is needed, specifically separation of RAC shrinkage into autogenous and drying -this is lacking in currently existing results. Some parameters may also be influential and not accounted for by most experiments -pre-saturation of RCA prior to mixing, amount of residual cement paste attached to RCA particles, RCA porosity and stiffness, etc. The remaining option, is to make a pragmatic choice of influencing parameters which should preferably be known in the design stage of an RAC structure, i.e. which it is reasonable to know at that stage, and which should by proxy cover as many other parameters as possible.
These conditions are fulfilled by three parameters: RAC compressive strength, f cm , coarse RCA content, RCA%, and RCA water absorption, w.a.. RAC compressive strength is a proxy value for the w/c ratio, stiffness and strength of aggregates and cement paste, density, total cement paste content, etc. Coarse RCA content is also an indirect measure of aggregate stiffness and cement paste content, whereas RCA water absorption describes RCA porosity, density, stiffness and residual cement paste content. In other words, these three parameters are robust and available to an engineer in the design stage (except perhaps RCA water absorption). Even so, the scatter of the data in the database is so large that the correlation coefficient between the ε cs,RAC ε cs,NAC ratio depending on RCA content and water absorption MC2010 separates shrinkage strain ε cs into a basic and drying component, ε cbs and ε cds , respectively:
where t is the current concrete age and t s is the concrete age at the start of drying, in days.
Each of the two shrinkage components is defined as a product function of a 'final' shrinkage strain (dependent on parameters such as compressive strength, notional size and relative humidity) and a time development function. Basic (autogenous) shrinkage is modeled as
and drying shrinkage as
The final basic shrinkage strain is defined by
and its time-development function by
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the effect of relative humidity as
with
The drying shrinkage time function is given as
Finally, coefficients α bs , α ds1 , and α ds2 are cement dependent and given in Table 3 .
There are several existing studies testing the performance of the MC2010 model on NAC [24, 3, 1] . Hubler et al. [24] analysed the MC2010 model on the NU-ITI database (alongside models B3, B4, MC99, ACI209 and GL2000). The authors first tested individual predicted curves to test initial asymptotic and final parts of the shrinkage curve, thus varifying the mathematical form of the model's equations. After this, the authors also tested the overall performance of the model with fixed parameters on the NU-ITI database. When testing the quality of fit for individual curves, the CoV for MC2010 was 16.9% and 3.8% for the initial and final parts of the shrinkage curve, respectively; when testing its overall performance on the NU-ITI database, the CoV for residuals was 51% for the entire database and 40.8% for only concretes without admixtures.
For this study, an additional assessment of MC2010 was carried out on a 'filtered' version of the NU-ITI database. Starting from the database available in [23] , criteria similar to the ones used for the RAC database described in section 2.1 were applied in order to obtain a larger database with similar ranges of parameters, enabling better comparison:
-only total shrinkage curves considered; -compressive strength between 15 and 60 MPa; -cement type specified; -content of additives below 30% of cement amount; -shrinkage specimen size specified; and -relative humidity between 40 and 99%. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Again, only normal-strength concretes were considered with all information necessary for calculation of shrinkage according to MC2010 given. The lower limit on relative humidity was chosen according to MC2010 [20] and the upper limit was set in order not to consider swelling. Applying these criteria reduced the database from 1751 curves to 194 with 3423 data points. The range of compressive strengths in the new database was 16-59 MPa, 0.28-0.79 for w/c ratios, 30-273 mm for notional sizes, 40-84% for relative humidity, and 1-8960 days for time under drying t − t s . Compared with the RAC database, the range of compressive strengths, w/c ratios and relative humidity are very similar, whereas here, notional sizes and time under drying cover a much larger range of values.
For each data point in the database, shrinkage strain was calculated according to the MC2010 model. Several statistical indicators were assessed in order to describe the model's performance. One way of assessing it is through a calculated-to-experimental shrinkage strain ratio,
. Then, a simple mean value and CoV for this ratio can be determined.
In this case, a mean ε cs,calc ε cs,exp ratio of 1.042 is obtained with a CoV of 51%. The average performance of the model is excellent, but the scatter is very large. However, the traditional CoV does not take into account biases in the database such as large concentrations of values around shorter drying times. Hence, a better descriptor is one which gives equal importance to all drying times through weighting.
One such descriptor is the BP CoV,ω BP , developed by Bažant and Panula [5] . In this method, data points in each shrinkage curve (data set) (194 in this database) are divided into logarithmic time decades (0-9.9, 10-99.9, 100-999.9 days, etc.) and considered together. Then, weight coefficients are assigned to each point based on the decade it belongs to and on the number of data points in that decade. Finally, the overall CoVω BP is the root mean square of all the data set values [1] .
O j is the weighted average of the experimental (observed) shrinkage strain values, n w is the sum of the weights of all data points in a data set (shrinkage curve), O i j is the experimental shrinkage strain value for the i-th data point in data set j, andω i j is the weight assigned to the i-th data point in data set j:
where n j in the number of data points in data set j, n d is the number of logarithmic time decades spanned by measured data in set j, and n k is the number of data points in the k-th decade. Then, the CoV for data set j is given bỹ
with C i j being the calculated shrinkage strain value for the i-th data point in data set j. Finally, the overall BP CoV is determined using the total number of data sets N as 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 When calculated on this filtered NU-ITI database with 194 data sets, the BP CoV equals 19.9% which is a good result taking into account the intrinsic sources of variability associated with shrinkage. The database can be further improved by eliminating outlier ε cs,calc ε cs,exp ratios through a box-and-whiskers technique; this reduces the number of data points by only 54. The new mean ε cs,calc ε cs,exp ratio becomes 1.013 with a CoV of 47.5% and a BP CoV of 20.1%, i.e. the descriptors do not change significantly. The conclusion is that the MC2010 shrinkage model, on average, predicts the NAC shrinkage strain excellently, but with a significant scatter of the results. Nonetheless, it is still one of the best models available [24, 3, 1].
fib Model Code 2010 mathematical form verification for RAC
As explained in [24] , any meaningful analysis of a shrinkage model must first consider the form of the shrinkage time development function, i.e. the ability of the model to qualitatively describe the evolution of shrinkage strain. Only then should databases be used to describe the global statistics of the model calibration.
In this first step, individual shrinkage curves were analysed and the model's free parameters were re-calibrated in order to minimise the CoV of the residuals, as given by Eq. 12. In MC2010, the free parameters in the time evolution functions are coefficients -0.2 in Eq. 5 and 0.035 in Eq. 9 through which horizontal scaling of shrinkage curves can be achieved. Additionally, the overall basic and drying shrinkage strains in Eq. 1 can also be scaled; this is the case of vertical scaling. As proposed by Project Team 1, currently working on the revision of Eurocode 2 [31], which uses the identical MC2010 shrinkage model, calibration can be done using equations 14, 15, and 16 and calibration coefficients ξ cbs,1 , ξ cbs,2 , ξ cds,1 , and ξ cds,2 :
Shrinkage curves covering as many logarithmic time decades as possible should be used for this step. However, from the compiled RAC database, none of the shrinkage curves cover very early drying times, e.g. under one day. Hence, those curves with the longest drying times were selected for this analysis [32, 38] . Here, results will be shown for mixes 'NAC' and 'RAC' from [38] (RCA content 0% and 100% respectively) and mixes 'H50-0', 'H50-50' and 'H50-100' from [32] (RCA content 0%, 50%, and 100% respectively). The mixes cover a compressive strength range of 28-61 MPa, relative humidity 48-75%, notional size 60-75 mm and drying times 477-1000 days.
Varying the parameters ξ cbs,1 , ξ cbs,2 , ξ cds,1 , and ξ cds,2 with the aim of reducing the weighted CoV of residuals (Eq. 12) led to results given in Figure 5 . CoVs were obtained in the range of 2-3% for both NAC and RAC shrinkage curves. As can be seen in the figure, after re-fitting, MC2010 can describe equally well the time evolution of NAC and RAC shrinkage. It should be noted that all five analysed shrinkage curves required both horizontal and vertical scaling, i.e. there were no systematic differences between RAC and NAC in this regard .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 65 The analysis in this section was used to demonstrate that the mathematical form of MC2010 is suitable for describing the time evolution of RAC shrinkage. In the following section, the analysis proceeds to assessing the overall calibration quality of the MC2010 model with its default parameter values. In other words, none of the calibration coefficients used in this section are used in the following analyses -parameters ξ cbs,1 , ξ cbs,2 , ξ cds,1 , and ξ cds,2 are taken as equal to 1.
fib Model Code 2010 overall performance on RAC
The calculated shrinkage strain ε cs,calc was determined for the RAC database with previously eliminated outliers (as described in section 2.2) and using the MC2010 with default parameter values. The mean ε cs,calc ε cs,exp ratio and the BP CoV were chosen as statistical descriptors of the MC2010 model's performance, so that a comparison could be made with the results obtained on the filtered NU-ITI database from section 3.1. The results, classified according to RCA content, are given in Table 4 . It should be noted that after eliminating outliers from the RAC database, in order to compute the BP CoV, four shrinkage curves were eliminated (three for 26-50% of RCA and one for 76-100% of RCA) which were left with only one data point and thus, the BP CoV could not be determined.
From the 'no RAC/NAC outliers' column in Table 4 , it can be seen that for this particular sample of NAC shrinkage data, MC2010 significantly overestimates shrinkage with a mean ε cs,calc ε cs,exp ratio of 1.37 and a BP CoV of 35%. This stands in stark contrast to what was obtained on the filtered NU-ITI database in section 3.1 (mean of 1.013 and BP CoV of 20.1%). However, considering the scatter of the data in the NU-ITI database, obtaining such a 'sub-sample' as this one is not unlikely. One of potential reason for this could be ambient conditions which were not strictly controlled in many of the studies in the RAC database. Nonetheless, the comparison between RAC and companion NAC can be made. The second aspect to be highlighted from Table 4 is that for all RCA contents, except 76-100%, MC2010   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 Nikola Tošić et al. overestimates shrinkage equally or even more than for NAC, with similar variability. However, for RAC with 76-100% of RCA (in this case, only 100%), it could be concluded that the model seems to predict shrinkage more precisely (mean ratio of 0.96 and a BP CoV of 19.3%). However, it should be kept in mind that a comparison of RAC and NAC shrinkage revealed a systematically higher shrinkage of RAC compared with companion NAC. Thus, this result seems logical. The next step was to again eliminate outlier values, as in section 2.2, through a boxand-whiskers technique. This reduced the number of data points by 18 and the number of data sets by 2 (one NAC and one RAC 100%). The new statistical descriptors for the filtered database are given in Table 4 under the heading 'no calc/exp outliers'. The mean ε cs,calc ε cs,exp is now reduced to 1.28 for NAC, practically unchanged for RAC with 1-75% RCA and also reduced for RAC with 76-100% of RCA.
A scatter plot for this filtered NAC and RAC database, in the form of calculated vs. predicted values is given in Figure 6 . The black full lines represent mean lines, the gray full lines represent the equality line and the black dashed lines represent 5 and 95 percentile lines for the data. For NAC, the systematic overestimation can be seen. For RAC, the model behaviour seems more symmetric but with a larger scatter. Moreover, the majority of overestimated values are for RCA contents below 75%, whereas the majority of underestimated ones are for RCA contents above 75%. For both samples, a relatively weak but similar coefficient of determination (R 2 ) was found as indicated in Figure 6 .
If only the results for RAC were analysed, it could be concluded that MC2010 behaves very well, slightly underestimating RAC shrinkage. However, since section 2.2 revealed that relative to a companion NAC, RAC shrinkage is significantly larger, this cannot be ignored and seems to point to an actual underestimation of RAC shrinkage by the MC2010 model (since for companion NAC, the mean 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65 This is an unambiguous conclusion that MC2010 systematically underestimates the shrinkage of RAC and needs to be corrected to take into account its specifics. Any correction done on this database should lead to equal performance as on companion NAC, i.e. a mean ε cs,calc ε cs,exp ratio of 1.28. As shown in the discussion in section 2.2, there is only a need for vertical scaling of RAC shrinkage magnitude. Any need for horizontal scaling of RAC shrinkage time evolution could not be identified on this database.
RAC shrinkage strain correction coefficient for the fib Model Code 2010
The final aim of this study was to formulate a correction coefficient for RAC shrinkage strain to be used in conjunction with MC2010. Since the studies in the RAC database do not separate RAC shrinkage into basic and drying, it was only possible to formulate a global correction coefficient ξ cs,RAC in the following form:
where ε cs,calc is the shrinkage strain calculated according to MC2010 (as for any NAC) using Eqs. 1 to 9. This is similar in principle to the correction coefficient proposed in [28], however, here, an analytic expression will be given. The proposed coefficient is a vertical scaling factor and the adopted approach in Eq. 17 amounts to adopting correction factors ξ cbs,1 and ξ cds,1 in Eq. 14 as equal. In other words, basic and drying shrinkage components will be equally vertically scaled. Since there are insufficient data for separate analyses of both shrinkage components, such an approach is justified, even though it leads to potentially non-unique solutions (ε cs,RAC in Eq. 17 obtained using ξ cs,RAC can also be obtained using Eq. 14 and multiple combinations of factors ξ cbs,1 and ξ cds,1 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 As stated earlier, three potential parameters were identified influencing the relative increase in RAC shrinkage: RAC compressive strength, f cm (in MPa), RCA content, RCA% (in %), and RCA water absorption, w.a. (in %). Since the statistical comparisons of RAC and companion NAC in this study constituted a purely empirical approach, the optimal form for the correction coefficient ξ cs,RAC was chosen as a multivariate power function. The general form for the correction coefficient is proposed as
The calibration procedure was as follows. Since the aim was to bring MC2010's performance on RAC to the same level of companion NAC, it was necessary to increase the
Then, the coefficients in Eq. 18 were fitted in order to match as closely as possible the values of the ξ cs,RAC coefficient determined for each shrinkage curve individually. As a first results, ξ cs,RAC was obtained as
Using Eq. 19, the mean calculated-to-manually calibrated ratio for ξ cs,RAC is 1.035 with a CoV of 22.2%. Generally, this is a good result, considering the scatter in the database. However, since RCA water absorption is usually not known in the design stage, its elimination from Eq. 19 would produce a simpler and more practical version of the ξ cs,RAC coefficient. Adopting x 4 = 0 and repeating the analysis led to the following expression for ξ cs,RAC :
Equation 20 has a very simple form and its predictive ability is even slightly improved compared with Eq. 19: the mean calculated-to-manually calibrated ratio for ξ cs,RAC is 1.01 with a CoV of 21.6%. This proves the possibility of eliminating RCA water absorption as a model parameter while preserving the model's predictive ability.
The correction coefficient ξ cs,RAC was calibrated considering also values smaller than 1.0, i.e. cases where RAC had lower shrinkage than companion NAC. However, as the final version of the coefficient, to be used in conjunction with the MC2010 shrinkage model, a lower limit of 1.0 was imposed. Finally, ξ cs,RAC should be calculated as
In Eq. 21, f cm should be input in MPa and RCA% in %.
As an illustration, the correction coefficient is plotted against RCA content, for various RAC compressive strengths, in Figure 7 to demonstrate its dependence on both parameters in Eq. 21. It can be seen to increase with increasing RCA content and decreasing compressive strength, describing the general conclusion of previous sections. An interesting aspect of Eq. 21 is that, because of the same exponent for f cm and RCA%, ξ cs,RAC is equal to 1.0 as long as compressive strength is greater than the RCA replacement ratio. For example, ξ cs,RAC becomes greater than 1.0 if f cm = 50 MPa, only for RCA content above 50%, Figure  7 . For illustration, for RAC with 100% RCA and f cm 30-40 MPa, the most usual range in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 65 Table  1 . Figure 8 presents a scatter plot of calculated-to-experimentally measured RAC shrinkage strain, similar to Fig. 6 but calculated using the ξ cs,RAC coefficient from Eq. 21. Compared with Fig. 6 , a shift towards higher ε cs,calc ε cs,exp ratios can be seen, similar to the results for NAC in Fig. 6 , as was intended. Additionally, the coefficient of determination R 2 is increased from 0.56 to 0.73 which is a significant result.
Another useful point about the ξ cs,RAC coefficient in its form in Eq. 18 and the freely available database given as Online Resource 1, is the fact that it can easily be updated in the future -new studies and results can be added and new parameter optimizations for ξ cs,RAC can be performed.
Everything said in section 5.1.9.4.4 of the fib Model Code 2010 about analysing shrinkage effects in reinforced NAC structures [20] , holds for RAC as well. Because of its similar scatter, more detailed analysis should include taking the 10 and 5% cut-off values of the shrinkage strain, assuming a normal distribution. However, with this approach, the cut-off value needs to be formed from the shrinkage strain ε cs,RAC as given by Eq. 17. As in the case of NAC structures, if the design with these cut-off values does not provide satisfactory results, tests and calibrations of the model, according to Eq. 14, 15, and 16 should be performed .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 5 Conclusions This paper described a meta-analysis of previously published studies on the shrinkage strain of RAC through the formation of a database of experimental results on RAC and companion NAC shrinkage strain. Using statistical analyses, a comparison was made between predictions obtained using the fib Model Code 2010 for RAC and companion NAC shrinkage strain. Taking into account the large scatter of experimental results, which introduces significant uncertainties into shrinkage strain predictions using existing models (including the fib Model Code 2010 model), the following conclusions are drawn: , revealed that on average RAC has a higher shrinkage strain compared with a companion NAC concrete (having an identical w/c ratio). Although the scatter in the database is very large, this difference can generally be said to increase with increasing RCA content and decreasing compressive strength. For RAC with 100% of RCA the average increase in total shrinkage strain is 35% relative to companion NAC; 4. The difference between RAC and companion NAC shrinkage is in shrinkage magnitude, i.e. RAC shrinkage curves are vertically scaled compared with companion NAC shrinkage curves. The current database did not reveal different time evolution of RCA shrinkage compared with companion NAC, i.e. RAC shrinkage curves do not seem to be horizontally scaled compared with companion NAC shrinkage curves. This is potentially due to counteracting effects of higher porosity and lower stiffness of RCA and its internal curing effect on RAC. Nonetheless, more experiments separating RAC shrinkage into basic and drying components are necessary; 5. Applying the fib Model Code 2010 shrinkage model by fitting to individual RAC shrinkage curves revealed that the model's mathematical form enables the accurate description of the time evolution of RAC shrinkage strain. However, applying the MC2010 model with its default parameter values on the RAC database showed its underestimation of RAC shrinkage strain; 6. A correction coefficient ξ cs,RAC for the RAC shrinkage strain was formulated as a bivariate power function with RAC compressive strength and RCA content as variables. The correction coefficient should be used to multiply the shrinkage strain ε cs,calc calculated according to MC2010. The correction coefficient is practical for use since the required inputs are available in the design stage;
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